Electrochemical (EC) reactions are crucial in many applications, yet most EC analytical tools lack the sensitivity to access molecularlevel information of reactants and products. By combining sumfrequency vibrational spectroscopy and surface plasmon resonance at EC interfaces, we demonstrate the feasibility of measuring in situ and real-time vibrational spectra during EC reactions at noble metal electrodes. Application of the technique to EC reactions at a gold surface helps in understanding how the surface in a basic solution is oxidized and reduced during a cyclic voltammetry cycle. Study of desorption of a thiol self-assembled monolayer from gold through EC reactions in a basic solution shows that the desorbed thiols by reductive reaction remain as an ordered layer near the gold interface, but do diffuse away if they are desorbed oxidatively from gold.
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field enhancement | buried interface | spectroelectrochemistry E lectrochemistry is one of the most important disciplines in modern science and industry, involved in thousands of applications including batteries, electrolysis, electrosynthesis, and many others (1) . Like all chemical reactions, the unambiguous identification of all species involved is a basic requirement for understanding any electrochemical (EC) process. However, EC is usually probed with simple potential and current measurements [for example, cyclic voltammetry (CV)], which are incapable of identifying unknown species appearing as intermediates or as products in a redox reaction (2) . It is therefore desirable in an investigation to combine the reaction-oriented EC probe with species-focused spectroscopy methods, for example, infrared (IR) spectroscopy (2) . Nonetheless, this is challenging for EC reactions occurring at buried interfaces between a conducting electrode and an electrolytic solution because available spectroscopy techniques often lack surface specificity.
The development of sum-frequency vibrational spectroscopy (SFVS) has enabled surface-specific studies of various surfaces and interfaces (3, 4) . Over the past two decades, it has grown into a unique and powerful surface analytical tool (3, 4) . Not surprisingly, there have already been attempts to probe EC interfaces with SFVS (4-10), but an obvious difficulty emerged: most EC interfaces are not accessible in the IR range of interest as both the electrode and the electrolytic solution are strong IR absorbers. To overcome the difficulty, studies were carried out ex situ, or in situ in a cell with a very thin layer of electrolytic solution between the electrode and the window of the cell (4-10). In the latter case, the IR input still suffers from attenuation before reaching the EC interface, and it was difficult to separate signals originating from multiple boundaries, making extraction of the spectrum of the EC interface ambiguous and not reliable. Here, we present an approach that employs a surface plasmon (SP) wave (11, 12) to facilitate SFVS at an EC interface. In this approach, the IR input excites the SP wave at the EC interface and mixes with the visible input to generate the surface-specific SF output. Because the IR field of SP is narrowly confined to the EC interface, we can avoid the complications caused by using thin cells. Moreover, we benefit from the IR field enhancement due to the SP resonance (11, 12) . Thus, SP-enhanced SFVS may allow us to gain a comprehensive and molecular-level view of EC interfaces.
In this paper, we report our recent study on EC reactions at gold electrodes in aqueous solutions using SP-enhanced sumfrequency vibrational spectroscopy (SP-SFVS). The raw SP-SFVS spectra showed combined resonant characteristics of SP and SFVS, providing in situ and real-time information of EC reactions with and without molecular adsorbates. We found that the SP-SFVS signal followed the oxidation and reduction processes denoted by the CV of an EC cycle, and could help our understanding of how, for example, a gold surface is oxidized and reduced during the EC cycle. Using alkanethiol as an example, we were also able to study adsorption and desorption of an alkanethiol self-assembled monolayer (SAM) on gold manipulated by EC. Since its discovery in the 1990s, EC of thiols on gold has been extensively studied (13) (14) (15) (16) (17) (18) (19) (20) for applications in nanotechnology and bioscience (21, 22) . However, due to lack of in situ spectroscopic tools, its microscopic understanding remains incomplete. For example, the status of desorbed thiols in the electrolyte has been proposed to either diffuse into the electrolyte, or form aggregates and micelles, or remain physisorbed near the electrode (13) (14) (15) (16) (17) (18) (19) (20) . By monitoring CV and in situ SP-SFVS simultaneously, we found directly that long-chain thiols desorbed by reductive reaction could indeed remain orderly arranged near the electrode, whereas desorbed molecules by oxidation did diffuse away from the electrode after desorption. These results show that SP-SFVS indeed could bring us more insight on EC reactions as well as better understanding of electrochemistry at the molecular level.
Significance
Electrochemical (EC) reactions play vital roles in many disciplines of modern science and technology, but their molecularlevel understanding is still very poor. This is due to a lack of analytical tools that can access interfaces between metals and liquids, and identify unknown surface species. By exploiting surface plasmon resonant enhancement at EC interfaces, we demonstrate, with relevant examples at gold electrodes, the feasibility of using surface-specific sum-frequency spectroscopy to measure in situ and real-time vibrational spectra during EC reactions. The success of this approach is significant as it could bring us more insight and better understanding of EC reactions at the molecular level.
Theory
The basic theory for sum-frequency spectroscopy (SFS) was described elsewhere (3, 4) . Generally, the SF signal is given by
tot : q , ω q , and Γ q denoting the amplitude, resonant frequency, and damping of the qth vibration mode, respectively. In our measurements, we used S-, S-, and P polarizations (SSP) for SF output, visible input, and IR input, respectively. The P-polarized IR input allowed SP excitation on the gold film. For the SSP signal from an azimuthally isotropic interface, Eq. 1 has the explicit form 
In the above equation, subscripts 0, 1, and 2 refer to the substrate, metal film, and electrolytic solution, respectively; r pðsÞ ij and t pðsÞ ij are the reflection and transmission Fresnel coefficients of P(S)-polarized wave at ω i from the ith to the jth medium; k i and n i are the wavevector and refractive index in medium i, and d 1 is the thickness of medium 1. Whereas vanishing of the real part of the denominator of L yy ðω i Þ is not possible for the interfacial system, that of L xx ðω i Þ and L zz ðω i Þ is, and is the condition for SP resonance at ω i at the interface. At the SP resonance, L xx and L zz are resonantly enhanced and so is the SF output. As seen in Eq. 2, the experimentally observed SSP spectrum is proportional to the absolute square of the product of χ ð2Þ tot;yyz and L zz ðω IR Þ; L yy ðω SF Þ and L yy ðω vis Þ are not important because of their weak dispersion. Conventionally, to obtain the SF spectrum of an interface, one needs to remove the contribution of the Fresnel coefficients from the measured spectrum. In our case, L zz ðω IR Þ was particularly prominent. Fortunately, it was smooth and broad, and could be readily removed from the observed SP-SFVS spectra that exhibited discrete vibration modes.
Results and Discussion
Our experiment was carried out with the Kretschmann geometry (11, 12) We now discuss our investigation of EC reactions using SP-SFVS. We consider first oxidation and reduction of a bare gold electrode in aqueous solutions. This is a case that has been extensively studied, but the microscopic interpretation of many aspects remains controversial (26) (27) (28) . Our in situ SFVS during the CV scan provided additional information to help the interpretation. Shown in Fig. 2A is the CV of the gold electrode in 10 mM potassium hydroxide (KOH) solution (29, 30) . According to ref. 28 , the anodic scan (toward more positive potential on gold) described the electric-double-layer charging process from −0.5 to about 1.0 V with respect to the reversible hydrogen electrode (RHE) in region Ia, as anions (OD − ) were attracted toward and accumulated near the gold surface. In region IIa (∼1.0-1.6 V), where a current peak appeared around 1.4 V, the anodic scan was attributed to the oxidation of gold with oxidized species being Au(OD) δ (δ ≤ 3) and/or AuOOD (27, 28, 30) . In region IIIa (> 1.6 V), the surface was supposedly further oxidized to Au 2 O 3 with the onset of oxygen evolution seen at ∼2.0 V (26). It was believed that the surface dipolar species, such as Au(OD) δ and/or AuOOD, would rotate to reduce Coulomb interaction between them, known as "place exchange," which also facilitated further oxidation of the gold surface (26, 30) . However, it was not clear at which potential this place exchange occurred (26) . Our SFS results corroborated most of the interpretations. In this case, the spectrum of the SP-enhanced localfield factor L zz ðω IR Þ remained essentially unchanged except for a small shift of ∼4 cm , likely due to the change in the refractive index near the interface (Fig. 2B) . The observed spectral change coming mainly from change of χ ↔ ð2Þ
BG was due to surface modification from EC reactions. We fixed ω IR at 2,865 cm −1 and recorded the SF signal, presented in Fig. 2C , simultaneously with the CV. The SF signal increased in region Ia presumably because of the surface-field-induced sum-frequency generation (SFG) through formation of the double charge layer. It increased further in region IIa when OD − oxidized the gold surface and formed a polar-oriented surface layer. As the surface was further oxidized to form Au 2 O 3 in region IIIa, the SF signal appeared to decrease. It can be understood that more and more oxygen atoms must have diffused into the subphase of the interface, making the oxidized surface structure less polar. This process probably corresponds to the place exchange suggested earlier, and seems to have started at ∼1.6 V.
During the cathodic scan, starting from +1.7 V toward more negative potential in Fig. 2A , the oxidized species are reduced. Interpretation of which region is for reduction of which species varies in the literature (27, 28) . The two dips at +1.2 V (region Ic) and +0.5 V (region IIc) presumably correspond to reduction of Au 2 O 3 , Au(OD) δ , or/and AuOOD, respectively. Our SFG signal taken in situ with the cathodic scan described in Fig. 2C shows that at the end of region Ic of the cathodic scan, the signal strength increases to the same value as that at the start of region IIIa of the anodic scan. This clearly indicates that it was Au 2 O 3 that was reduced in region Ic. Reduction of Au(OD) δ and/or AuOOD then occurred in region IIc and the disassembly of the double charge layer happened in region IIIc. As the gold surface recovered to the initial state, the SF signal also returned to the initial value. What we describe here is an example of how SFG can help our understanding of an EC reaction cycle. We discuss next the study of EC reactions on a thiol-SAMcovered gold electrode using SFVS. Thiol molecules can desorb off gold either reductively or oxidatively following the reactions (13, 15) AuSR
Fig . 3A shows the CV of the thiol-covered electrode in 10 mM KOH solution starting at +1.2 V with the cathodic scan to −0.5 V and then returning to +1.2 V. According to previous studies, the reductive desorption of thiols occurs in the cathodic scan from +0.5 to −0.5 V and peaks at ∼−0.2 V. SFVS of the interface was taken in situ during the CV scan. We present in Fig. 3B three spectra of thiols around 2,860 cm −1 : one at +1.2 V at the beginning of the CV scan, one at −0.5 V at the end of the cathodic scan, and one at +1.2 V at the end of the whole scan. The SPenhanced jL zz ðω IR Þj 2 was normalized off the spectra. We notice that before the scan (+1.2 V), the spectrum (black) shows a strong CH 3 -r + mode with negligible CH 2 contribution, indicating that the thiol-SAM is well-ordered at the interface. At the end of the cathodic scan (−0.5 V), thiols should have desorbed completely from gold, but the CH 3 -r + mode still appears dominant in the spectrum, although weaker, and the CH 2 symmetric stretch at 2,850 cm −1 is now visible (red). This is an indication that the desorbed thiol monolayer must have remained close to the interface in a somewhat disordered form. In the anodic scan, previous EC studies showed that thiols could readily readsorb to the gold electrode (14) . Indeed, as the potential is back to +1.2 V, the spectrum (blue) becomes essentially the same as the one before the cathodic scan, showing that a well-ordered thiol-SAM has been reassembled (17, 20) . In our experiment, we repeated the scan many times and obtained the same results (14) .
In which form the desorbed thiols monolayer appears in the electrolyte is a subject of debate (20) . From ex situ and in situ IR vibrational spectroscopic study, Byloos et al. (17) proposed that because of their low solubility in water, long-chain thiols remained physically adsorbed at the interface after reduction, first in an all-trans layer form and then in a micelle form at more negative potentials. More recently, using EC impedance spectroscopy and ex situ SFVS, Cai and Baldelli (20) showed that the spectrum of the readsorbed thiols was nearly identical to that of the thiols before reduction, suggesting that the reduced thiols should remain as an ordered monolayer near the interface. Both studies, however, relied mostly on comparing the ex situ spectra of adsorbed thiols taken in air, before and after EC cycles. Information on how thiols behave in the electrolytic solution in response to the potential was missing. Our in situ spectra show unambiguously that the desorbed thiols must have stayed near the interface upon reduction, and remained orientationally ordered, but with more gauche defects. Supposedly, upon thiol reduction, the negatively biased electrode would repel the negatively charged thiols from the interface (Eq. 4a), but our result indicates that the surface field on thiols could be screened by cations attracted to the interface. Owing to the low solubility in water and strong chain-chain interaction between thiols, the desorbed thiol molecules are not likely to be able to diffuse far away from the interface.
Above +1.2 V of the anodic scan, the oxidative reaction of the adsorbed thiols begins (13) (14) (15) . At +1.7 V, most of the thiols should have been oxidized and desorbed from the gold electrode, as corroborated by the SF vibrational spectra (shown in Fig. 3C ) taken at +1.2 (blue) and +1.7 V (dark green) during the anodic scan. It is seen that at +1.7 V, the CH modes of thiols almost disappear, indicating that the thiol molecules, no longer in the form of an orientationally ordered layer, must have diffused away from the interface. When the potential is returned to +1.2 V, the thiol signal remains very weak (purple). Obviously, the diffused-away thiol molecules can no longer come back to readsorb on the gold to form an ordered monolayer. This is understandable because the oxidized thiol species (Eq. 4b) has much higher solubility in water than the reduced ones (14) , and can diffuse rapidly into the solution. What we have described here is an example that SFVS can provide information on some EC processes that is missing in the conventional CV study.
In summary, we have shown that SP-enhanced SFVS can be used to obtain in situ and real-time vibrational spectra of EC interfaces. Application to the extensively studied EC reactions at a gold electrode in an aqueous solution has provided us with information that can help our microscopic understanding of the reactions. Application to a study of EC reactions at a thiol-SAMcovered gold electrode has confirmed that reductively desorbed thiols actually stay near the gold surface as an ordered layer in the electrolyte, whereas the oxidatively desorbed thiols do diffuse removed] from the same interface in A taken sequentially at different voltages during the CV scan. Plots are vertically shifted for clarity, and curves are fits using Eq. 2. The upper two spectra were taken at the beginning and end of the cathodic scan, and the lowest one at the end of the anodic scan.
(C) SFVS of the same interface taken at three different potentials during a scan: at +1.2 V (blue) before the occurrence of oxidative desorption of thiols, at +1.7 V (green) after near-completion of oxidative thiol desorption, and back at +1.2 V (violet) with no indication of thiol readsorption.
away from the gold electrode. We expect that future applications of SP-SFVS to other important EC reactions, including their time-resolved behaviors, can improve our molecular-level understanding of electrochemistry, and perhaps help in possible control of EC reactions.
Materials and Methods
We used a standard three-electrode EC cell in our experiment: a 20-nm gold film on a substrate as the working electrode, a platinum wire as the auxiliary electrode, and a silver wire as the reference electrode that had a potential shift of about −0.3 V with respect to the standard Ag-AgCl electrode (SI Text). For easy comparison, all EC data in the paper were presented with respect to the RHE, which shifts by 0.2 + 0.06 × pH V from the Ag-AgCl electrode. The scanning rate was 100 mV/s for all CV presented. The gold film was e-beam evaporated over a 5-nm-thick chromium adhesion layer on an IR-grade fused silica substrate, which was a 60°prism needed for IR excitation of the SP wave at the EC interface. The alkanethiol SAM was deposited by immersing gold films in 100 mM ethanol thiol solutions for about 24 h. Before the immersion, the gold film was ultrasonicated in pure ethanol and deionized (DI) water sequentially, then blown dry by nitrogen gas, and finally illuminated by UV light for 30 min. Our experimental arrangement of SFVS is similar to that described in refs. 3, 4. Briefly, the tunable IR pulses at ∼3 μm and ∼30 μJ/pulse and the visible laser pulse at 532 nm and ∼500 μJ/pulse were both derived from a picosecond Nd:YAG laser and optical parametric generation/amplification system. They had a 20-ps pulse duration and 10-Hz repetition rate. The input laser pulses were directed to overlap over about 0.05 mm 2 at the sample surface and the SF signal was collected and normalized against that from a z-cut crystalline quartz.
